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(57) ABSTRACT

A method and device for generating a Single-Carrier Fre-
quency Division Multiple Access (SC-FDMA) signal having
a transmission bandwidth and a Constant Amplitude Zero-
Autocorrelation (CAZAC) sequence of length N, ,~. The
SC-FDMA signal 1s presumed to have a time-domain formu-
lation with a term representative of an Inverse Discrete Fou-
rier Transform (IDFT) of length M, where M>N_. ., A
frequency-domain representation of the CAZAC sequence 1s
mapped t0 Ngy 4y 0f Mgz, frequency points, where
Neyzic<Mgzo<M, and the remaining frequency points are
filled with zeros to obtain M, frequency-domain samples.
An IDFT of size Mgz, 1s applied to the resulting frequency-
domain samples to obtain a sub-sampled time-domain repre-
sentation of the CAZAC sequence, which 1s then up-sampled
according to the transmission bandwidth to generate the SC-

FDMA signal.
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TECHNIQUE FOR SC-FDMA SIGNAL
GENERATION

TECHNICAL FIELD

The present disclosure generally relates to generation of
Single-Carrier Frequency Division Multiple Access (SC-

FDMA) signals. In particular, SC-FDMA signal generation
technique based on symbol sequences giving rise to signals
having a Constant Amplitude Zero Auto-Correlation

(CAZAC) wavelorm 1s disclosed.

BACKGROUND

In multi-transmitter communications networks, channel
access techniques allow multiple transmitters connected to
the same physical channel to share 1ts transmission capacity.
Various such channel access techniques are known 1n the art.
For example, 1n second generation communications systems
according to the Global System for Mobile communications
(GSM) standard, Time Division Multiple Access (TDMA)
techniques are utilized to divide a specific frequency channel
into mndividual time slots assigned to individual transmatters.
In third generation communications systems, Code Division
Multiple Access (CDMA) techniques divide channel access
in the signal space by employing a combination of spread
spectrum operations and a special coding scheme 1n which
cach transmitter 1s assigned an individual code. The next
advance 1n wireless communications systems considers
Orthogonal Frequency Division Multiple Access (OFDMA)
techniques to achieve still higher bit rates.

One major advantage of OFDMA over other channel
access techniques 1s 1ts robustness 1n the presence of multi-
path signal propagation. On the other hand, the waveform of
OFDMA signals exhibits very pronounced envelope tluctua-
tions resulting in a high Peak-to-Average Power Ratio
(PAPR). Signals having a high PAPR require highly linear
power amplifiers to avoid excessive mter-modulation distor-
tion, and these power amplifiers have to be operated with a
large back-oif from their peak power. These demands resultin
a low power efficiency, which places a significant burden
specifically on battery operated transmitters as utilized 1n
mobile telephones and similar portable user equipment.

The disadvantage of a high PAPR inherent to OFDMA 1s to
a certain extent overcome by the Single Carrier Frequency
Division Multiple Access (SC-FDMA) technique, which can
be regarded as a modification of the OFDMA technique. The
Third Generation Partnership Project (3GPP) 1s considering
using both OFDMA and SC-FDMA 1n next generation com-
munications systems currently standardized 1in the Long Term
Evolution (LTE) project. According to section 5 of the 3GPP
Technical Specification TS 36.211 “Physical Channels and
Modulation™, V8.7.0 of May 2009, SC-FDMA will be imple-
mented in LTE user equipment for the uplink direction
towards the access network. OFDMA, on the other hand, will
be used 1n the downlink direction from the LTE access net-
work towards the user equipment.

An exemplary realization of a conventional SC-FDMA
modulator stage 10 for LTE user equipment 1s schematically
illustrated in FIG. 1. The modulator stage 10 recerves as input
signal a multilevel sequence of complex-valued symbols 1n

one of several possible modulation formats such as Binary
Phase Shift Keying (BPSK) or 16 level Quadrature Ampli-

tude Modulation (16-QAM). The modulation symbols are
received 1n blocks containing N data symbols each. Every
block of N data symbols 1s 1nitially subjected to an N-point
Discrete Fourier Transform (DFT) in a DFT block 12. The
DFT block 12 spreads the N data symbols over M frequency
points or subcarriers (N<M) to obtain a frequency domain
representation of the N data symbols that 1s input to a map-
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2

ping block 14. The mapping block 14 outputs a set of M
complex-valued subcarrier amplitudes. Exactly N of these
amplitudes (corresponding to the M data symbols) will be
non-zero, while the remaining amplitudes have been set to
Zero.

The M subcarrier amplitudes output by the mapping block
14 are re-transformed by an Inverse Fast Fourier Transform
(IFFT) block 16 into a time domain signal. The resulting time
domain signal may then be subjected to a phase rotation to
correct any phase errors itroduced by the previous signal
processing operations 1n blocks 12 to 16. Furthermore, a
Cyclic Prefix (CP) will be inserted into the output signal of the
IFFT block 16. The CP provides a guard-time between two
sequentially transmitted symbol blocks to reduce inter-block
interference caused by multi-path propagation.

Except for an omission of the DFT block 12 used to spread
the bits of the input symbols over the available subcarriers, an
OFDMA modulator stage has a similar configuration as the
SC-FDMA modulator stage 10 shown 1 FIG. 1. For this
reason, SC-FDMA 1s sometimes also interpreted as DFT-
spread OFDMA.

The modulation process described above for data symbols
1s also applied to random access preamble symbols when
generating a random access signal for the PRACH as defined
in section 5.7 of TS 36.211. The random access signal 1s used
upon an initial access 1n a cell for uplink synchronization and
for getting attached to the network for subsequent data traffic.

The generation of the random access signal starts with
generation of a Zadoii-Chu sequence having a length of either
139 or 839 complex-valued symbols (also called samples)
which, when modulated onto a radio carrier, give rise to an
clectromagnetic signal of constant amplitude. Signals com-
prising cyclically shifted versions of a specific Zadoif-Chu
sequence do not cross-correlate (1.e., remain orthogonal to
cach other) when recovered at a receiver, provided that the
cyclic shift 1s greater than a specific threshold defined by
propagation delay and multi-path delay spread. An electro-
magnetic signal carrying a Zadoff-Chu sequence thus has a
CAZAC waveform.

Once a Zadoif-Chu sequence of the required length has
been generated, the resulting random access preamble sym-
bols are transformed by the DFT block 12 of FIG. 1 to the
frequency domain. Since both 139 and 839 are prime num-
bers, the mathematical DFT operations cannot be simplified
or reduced (using, e.g., a Fast Fourier Transform, or FFT).
After the mapping block 14 has applied a mapping operation
to the output of the DFT block 12, the IFFT block 16 performs
an IFFT of size 4.096 (in the case of 139 samples) or 24.576
(1n the case of 839 samples).

It has been found that the SC-FDMA modulator stage 10
consumes considerably more hardware resources when pro-
cessing a CAZAC-based random access signal compared to
the processing of conventional data signals.

SUMMARY

Accordingly, 1t 1s an object of the present invention to
provide an alternative SC-FDMA signal generation tech-
nique that consumes less hardware resources.

According to a first aspect, a method of generating an

SC-FDMA signal having a transmission bandwidth and com-
prising a CAZAC sequence of length N, ,~ 1s provided,
wherein the SC-FDMA signal has a time domain formulation
with a term representative of an Inverse Discrete Fourier
Transtorm, or IDFT, of length M, with M>N,.,.,~, the
method comprising providing a frequency-domain represen-
tation of the CAZAC sequence; mapping the frequency-do-
main representation of the CAZAC sequence to N, ,~ of
Mz frequency points, with N, <Mz o<M, and filling
the remaining Mgz ,~N -, frequency points with zeros to
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obtain Mg, frequency-domain samples; applying an IDFT
of size Mz, to the resulting frequency-domain samples to
obtain a sub-sampled time-domain representation of the
CAZAC sequence; and up-sampling the sub-sampled time-
domain representation of the CAZAC sequence according to

the transmission bandwidth to generate the SC-FDMA sig-
nal.

The application of an IDFT having a size smaller than M in
combination with a subsequent up-sampling step to the trans-
mission bandwidth can in many scenarios save hardware
resources and/or processing time compared to a “tull” IDFT
of size M. Such an approach 1s particularly usetul 1n cases 1n
which the actually occupied bandwidth of the SC-FDMA
signal 1s much smaller than the designated transmission band-
width. The transmission bandwidth can be a fixed or variable
carrier or cell bandwidth of the telecommunications system.
In an exemplary LTE scenario, the transmission bandwidth
may be cell-specific and adjustable up to a maximum value of
20 MHz 1n accordance with the LTE uplink resource grid.

Mz can be selected to be a power of two fraction of M.
Such a selection allows the utilization of efficient up-sam-
pling techniques such as polyphase filters. Additionally, or as
an alternative, M, may be selected to be the smallest num-
ber that allows the utilization of FFT techmiques for the IDEFT
(“IFFT™).

The term xgz,[m'] representative ot the IDFT in the time
domain representation of the SC-FDMA signal may essen-
tially (e.g., neglecting a cyclic prefix and similar formatting,
parts) have the form of

(M —1 )
.Zﬂ'k; /
Z X'[K']-e/™m* ™ |

k7 =0 /

xsgo[m']

with m' being a discrete time variable and X'[k] being derived
from the Irequency-domain representation X[k] of the
CAZAC sequence, with k being a discrete frequency variable.

The term x.,[m'] representative of the IDFT of length
M>N_. ., can be derived from the frequency-domain rep-
resentation X[k]| of the CAZAC sequence using zero-pad-
ding. In one implementation, zero-padding 1s performed 1n
accordance with

(XK, K =k=0, ..., Negzc - L
X'k = ,
0. K =Neamac ... . M—1
or
X'[K] =
( , Ncazac Ncazac
N
X[k] k’:MSEQ—{%J M =1 k=0, .
)
Msgo —
0 i Ncazac |
=' _{ Y J"' >+ o | Neazac
= |-t
2

The method may turther comprise adding a cyclic prefix to
the sub-sampled time-domain representation of the CAZAC
sequence prior to up-sampling. In one implementation, the
up-sampling 1s performed using interpolation. The interpola-
tion may be achieved using one or more filters (such as
polyphase up-sampling filters).

| ..

{N CAZAC
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The method may also comprise adding a transient compo-
nent to the time-domain representation of the CAZAC
sequence prior to up-sampling, and removing the transient
component after up-sampling has been performed. In a filter-
ing implementation of the interpolation, the transient compo-
nent may be helpful 1 the context of compensating filter
transients of the up-sampling filter.

A frequency shift may be applied to the SC-FDMA signal
alter the up-sampling operation to shitt the SC-FDMA signal
to 1ts designated frequency location. The frequency shift may
be applied in the time domain in accordance with

s[m] = 5" [m] - & 5™

with m being a discrete time variable, s|m] being the SC-
FDMA signal 1n the time domain after the frequency shiit,
s'[m] being the SC-FDMA signal 1n the time domain prior to
the frequency shift, and K being a phase term representative
of the frequency shiit.

The SC-FDMA signal can take the form of a random access
signal to be transmitted on a Physical Random Access Chan-
nel (PRACH). In an PRACH implementation, the method
may further comprise performing, based on the random
access signal, at least one of uplink synchromization and
network attachment. The method can be performed by a user

terminal 1n accordance with at least one of the L TE standard
and the LTE-Advanced standard. Accordingly, the PRACH

may be the PRACH of an LTE or LTE-Advanced compliant
telecommunications system.

The CAZAC sequence may be a Zadoff-Chu sequence or
any Zadoll-Chu-like sequence giving rise to a CAZAC wave-
form when modulated onto a carrier. Moreover, the length
N -, 0f the CAZAC sequence may be a prime number.

The techniques presented herein may be realised 1n the
form of software, 1n the form of hardware, or using a com-
bined software/hardware approach. As regards a soit-aspect,
a computer program product comprising program code por-
tions for performing the steps presented herein when the
computer program product 1s run on one or more computing
devices may be provided. The computer program product
may be stored on a computer-readable recording medium
such as a memory chip, a CD-ROM, a hard disk, and so on.

, Neazac — 1

J—1

65
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Moreover, the computer program product may be provided
for download onto such a recording medium.

According to a further aspect, a device for generating an
SC-FDMA signal having a transmission bandwidth and com-
prising a CAZAC sequence of length N, ,~ 1s provided,
wherein the SC-FDMA signal has a time domain formulation
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with a term representative of an IDFT of length M, with
M>N_.,,,~. The device comprises a provisioning unit
adapted to provide a frequency-domain representation of the
CAZAC sequence; a mapping unit adapted to map the fre-
quency-domain representation of the CAZAC sequence to
Neyzic 0 Mggo frequency points, with N, <Mz <M,
and to fill the remaining Mg ,—N -4~ Irequency points with
zeros to obtain Mg, frequency-domain samples; an IDFT
unit adapted to apply an IDFT of size Mg, to the resulting
frequency-domain samples to obtain a sub-sampled time-
domain representation of the CAZAC sequence; and an up-
sampling unit adapted to up-sample the sub-sampled time-
domain representation of the CAZAC sequence according to
the transmission bandwidth to generate the SC-FDMA sig-
nal. The up-sampling unit may comprise at least one of an
interpolator, a filter, and a filter bank (e.g., the iterpolator
may be implemented 1n the form of a filter or filter bank).

The device may further comprise a cyclic prefix adder
adapted to add a cyclic prefix to the sub-sampled time-domain
representation of the CAZAC sequence prior to up-sampling.
Moreover, the device may comprise a frequency shifter
adapted to apply a frequency shiit to the SC-FDMA signal
alter up-sampling to shift the SC-FDMA signal to its desig-
nated frequency location.

Also provided 1s a user terminal comprising such a device.
The user terminal may be configured to support SC-FDMA
and may be compliant with LTE or LTE-Advanced. Possible
implementations of the user terminal include mobile tele-
phones, network or data cards, portable computers with net-

work access capabilities and so on.

BRIEF DESCRIPTION OF THE DRAWINGS

Further aspects and advantages of the techmque presented
herein will become apparent from the following description
of preferred embodiments and the drawings, wherein:

FIG. 1 schematically 1llustrates an exemplary implemen-
tation of an SC-FDMA modulator stage;

FIG. 2 schematically illustrates a transmitter stage includ-
ing an embodiment of a device for generating a random
access signal;

FIG. 3 shows a flow diagram according to a method
embodiment;

FIG. 4 illustrates an interpolation operation in the fre-
quency domain;

FIG. 5 illustrates a cyclic interpolation process using a
cascade of up-sampling filters; and

FI1G. 6 1llustrates a processing tlow for a fractional genera-
tion and delivery of a PRACH preamble signal.

DETAILED DESCRIPTION

In the following description of preferred embodiments, for
purposes of explanation and not limitation, specific details are
set forth (such as particular signal processing components
and sequences of steps) 1n order to provide a thorough under-
standing of the present mvention. It will be apparent to one
skilled 1n the art that the techniques described herein may be
practiced in other embodiments that depart from these spe-
cific details. For example, while the following embodiments
will primarily be described 1n the context of preamble signal
generation, the present invention can also be applied to other
signal types generated on the basis of CAZAC sequences.
While the embodiments will relate to an exemplary LTE
implementation, 1t will be readily apparent that the techniques
described herein may also be implemented 1n other commu-
nications networks such as LTE-Advanced networks.
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Moreover, those skilled in the art will appreciate that the
services, functions and steps explained herein below may be
implemented using soitware functioning in conjunction with
a programmed microprocessor, an Application Specific Inte-
grated Circuit (ASIC), a Digital Signal Processor (DSP) or a
general purpose computer. It will also be appreciated that
while the following embodiments will primarily be described
in the context of methods and devices, the invention may also
be embodied 1 a computer program product as well as 1n a
system comprising a computer processor and a memory
coupled to the processor, wherein the memory 1s encoded
with one or more programs that may perform the services,
functions and steps disclosed herein.

FIG. 2 shows an embodiment of a transmitter stage 18 to be
incorporated for example as a network card or data stick 1n a
stationary or portable computer. The transmitter stage 18
comprises an SC-FDMA modulator 20 and a Radio Fre-
quency (RF) stage 22. The RF stage 22 i1s configured to
up-convert an output signal of the SC-FDMA modulator 20
into the RF range and to amplify the up-converted signal prior
to transmission via one or more antennas (not shown). It wall
be understood that the transmitter stage 18 may comprise
further components not shown in FIG. 2.

In an exemplary LTE scenario the SC-FDMA modulator
20 of FIG. 2 performs the same basic SC-FDMA processing
operations as described above with reference to FIG. 1. To
this end, the SC-FDMA modulator 20 comprises a provision-
ing unit 24 adapted to provide a frequency domain represen-
tation of the CAZAC sequence to be transmitted, a mapping
unit 26 adapted to map the resulting frequency domain rep-
resentation to a pre-determined frequency location (1.e., to
pre-determined frequency points or subcarriers 1n the fre-
quency domain) and an IDFT unit 28 adapted to transform the
mapped Irequency domain representation into the time
domain. As illustrated 1n FIG. 2, a formatter 30, an up-sam-
pling umt 32 and a frequency shifter 34 are provided down-
stream of the IDFT unit 28.

The provisioning unit 24 and the mapping unit 26 may 1n
one implementation be realized 1n the same or a stmilar man-
ner as the DFT block 12 and the mapping block 14, respec-
tively, of FIG. 1. The IDFT unit 28, on the other hand, 1s
configured 1n a different manner than the *“standard” IFFT
block 16 as will be described below 1n more detail.

In the following, the operation of the SC-FDMA modulator
20 1n an LTE compliant telecommunications network will be
described with reference to a method embodiment illustrated
in the schematic flow diagram 300 of FIG. 3. The operation
will be explained for a random access signal transmitted on
the PRACH. The random access signal comprises a random
access preamble generated from a CAZAC sequence of the
Zadoil-Chu type as specified 1 section 5.7 of TS 36.211.

As 1llustrated by the flow diagram 300 of FIG. 3, the
operation of the SC-FDMA modulator 20 can generally be
divided into two processing stages. In a first stage 302, the
Zadoit-Chu sequence for the LTE PARCH 1s generated and
transterred 1n the frequency domain by the provisioning unit
24. The provisioning unit 24 can also be configured to gen-
crate the Zadoil-Chu sequence directly in the frequency
domain. The first stage additionally comprises a mapping
operation. In a second stage 304, transformation, formatting,
up-sampling and frequency shifting operations are applied to
the frequency domain representation of the Zadoif-Chu
sequence generated in the first stage 302.

The operation of the provisioning unit 24 starts 1n step 306
with 1dentification of the specific Zadoil-Chu sequence that 1s
to be generated. To this end 1dentification information com-
prising root index u and cyclic shift C, 1s evaluated as gener-
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ally described 1n section 5.7.2 of TS 36.211. The 1dentifica-
tion information may be received from the network and/or
determined locally.

In TS 36.211, the Zadoif-Chu sequence for PRACH ran-

dom access signaling i1s defined by the discrete time domain
function

xH,‘u‘ [H] = Xy [(H + C‘u‘ )deNZC]a
where

.2
—jw——unin+1)/2
X, [n] = Nze

1s the root or base Zadoft-Chu function of length N, . with the
root index u. C 1s the cyclic shift to generate distinguishable
random access signals. u and C  thus uniquely identity a
specific Zadoif-Chu sequence (and a specific random access
preamble).

In the one implementation of the provisioning unit 24 (that
1s similar to the DFT block 12 illustrated in FIG. 1), x_[n] will
be generated 1n the time domain and then transformed into the
frequency domain using a DFT. Since the possible lengths
N~ of the input sequence (1.¢., 839 and 139) are prime num-
bers, 1t 1s not possible to use FFT techniques for the DFT.
Especially for N, =839 this fact results 1n an ineificient com-
putational algorithm.

It has been found that a closed analytical solution for the
transformed Zadoii-Chu sequence 1n the frequency domain
can be given by

.2

. o (Cytth+u)2 L]
X, k] = "N eitu . &Nz (Cy+h+uy2 L u ).

u~" is the modulo inverse of u, i.e., it fulfills the equation

(uu " )mod N, ~1. In the same way 2~" is the modulo inverse
of 2, which equates to 27'=420 for N_,.~839. The constant
phase factor

1 Nzr—1

Ny Z Xyv[7]

n=l()

Ej'ﬁﬂ —

does not have any meaning for the final sequence and can thus
be neglected.

Based on the above analytical solution for the transformed
Zadoif-Chu sequence 1n the frequency domain, another
implementation of the provisioning unit 24 generates the
Zadoit-Chu sequence directly in the frequency domain. To
this end recursive calculation techniques may be applied for
the integer term of the second exponential function.

Once the required Zadoii-Chu sequence has been identi-
fied and transformed to or generated in the frequency domain,
the resulting frequency domain representation of the Zadodl-
Chu sequence 1s mnput to the mapping unit 26 and subjected to
a mapping operation in step 308. Upon receipt of the trans-
formed Zadoil-Chu sequence, the mapping unit 26 maps the
frequency domain representation of the Zadoif-Chu sequence
(in the form of typically 839 subcarrier amplitudes) to a
number of frequency points (or subcarriers) defined, inter
alia, by the current carrier or cell bandwidth. The remaining
sample points will be set to zero.
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After the mapping step 308, the frequency domain repre-
sentation of the Zadoif-Chu sequence has been moved to 1ts
(1n1t1al) frequency location and the first processing stage 302
has been concluded. Next, the second processing stage 304
will be entered.

The second processing stage 304 and the operation of the
corresponding processing umts 28, 30, 32 and 34 substan-
tially differs in the present embodiment from the conven-
tional IFFT block 16 of FIG. 1 1n that interpolation techniques
are combined with a small size IFFT and a linear phase ramp
to generate the SC-FDMA random access signal. To better
understand the operation of the second processing stage 304,
it 15 necessary to {irst consider the final PRACH preamble

sequence s[m] in the time domain as defined in accordance
with TS 36.211.

The time domain representation s|m] can be written as

s|m| =

(Nr—1 \
2T
\ &=0 y

2 2
Prrach eI RN M ep) | iy tko+1/2ym=-Mcp)

Reducing this term to the base sequence by excluding the
cyclic prefix part yields

(N1 ‘w

'_zﬂk.mf
> XI[k]- kN

=0 /

2T 20T
. Ejm(’pm! . ij(kﬂ‘Flfz:lm!

sseolm’] = Brrach

KN —1 3
20 T,

> X[k SRR

&7 =0 /

. 20T 20T
_Ej@fpm" _Ej—N—(k{}—l—le)m"

= ;BPRACH

o, 2w ,.
_ Noom i ko+1/2)0m ,
= Pprach & KNZ™ . WHO - Xsgp|m' ],

wherem'=0, 1, ..., M-1, with M=K-N, N 1s a constant equal
to 2.048 for subcarrier spacing Af=15 kHz and 4.096 {for
A1=7.5 kHz, K=A1/Af,, , accounts for the difference 1n sub-
carrier spacing between the random access preamble and
uplink data transmission (typically K=12), and

X[kl, ¥ =k =0, ... ,Ngc—1

X'[k'] =
{ 0, k=Ng. ... K-N—1.

The inner sum 1s a K-N-point IDFT of X'[k], which 1s X[K]
with zero-padding from 1ts end. The IDFT result 1s multiplied
with a first phase rotation (specified by the parameter ¢) that
1s supposed to place the RACH spectrum in the middle of 6
LTE Resource Blocks (RBs). The second phase rotation 1s the
frequency shift on the LTE resource grid according to the
frequency allocation of the RACH determined by k; k, 1s
defined 1n sections 5.7.1 and 5.7.3 of TS 36.211.

In the extreme case of 20 MHz transmission (cell) band-
width, the IDFT thus has a size of K-N=12%2.048=24.576,
which 1s computationally quite expensive keeping in mind
that only 839 samples are non-zero (1.e., almost all of the
signal vector consists of zeros). This fact requires a lot more
hardware resources and, 1n particular, much more memory
resources than the SC-FDMA modulation in the data path
(where an IFFT can typically be used).

It has been found that hardware resources can be saved by
exploiting the fact that the RACH bandwidth 1s about 1.05

MHz. Consequently, the IDFT can be done assuming a
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sample rate o1 1.92 MHz (1.44 MHz for 15 MHz bandwidth),
which reduces N to N'=128 and thus yields a 12*128=1.536-
point IDFT (9*128=1.152-point IDFT for 15 MHz transmis-
sion bandwidth), 1.€. Mgz ,=K-N'=1.536 (1.152). This sample
rate typically corresponds to a sub-sampling compared to the
conventional scenario.

Mz 18 chosen such that it 1s the smallest possible number
that allows to use eflicient FF'T techniques for the IDFT
(“IFF1T”") performed 1n step 310 by IDFT unit 28. Addition-
ally, Mgz, 1s selected to be a power of 2 fraction ot the final
sequence length K-N. The resulting time domain sequence
X'sepolm'] will finally have to be up-sampled to the designated
transmission bandwidth and frequency shifted in the time
domain as will be described further below. However, X';.,
|m'] 1s not well suited for up-sampling (e.g., by an interpola-
tion filter), since due to the zero padding of X[k]| from 1ts end,
the RACH spectrum 1s not centered around Direct Current
(DC).

In order to facilitate the up-sampling operation, in one
variant of the present embodiment the zero padding 1s modi-
fied. 'To this end, the formula for sg. [m'| with N'=128 1s

re-arranged as follows:

(K-N-1 5 )
. L0y !

S e R

\ k'=0 /

. 2T ’ . 20T ’
_ 2 oom’ i (ko+1/2rm
sseo M’ | = BrracH o GRS A

(K-N—1 )
Ml 'gﬁlk"-m"

Z X"[k']- el &N

\ k=0 J

= PPRACH : Ef%(wwzgm}-m’ _

20
E;W(kmuz)-m’

.27 ? .27 ?
_ T+ Ngrf2])m 7 lkg+1/2)ym

P+ Nz 2]+ K (kg +1/20)0m"_w

.20
=:6,PRHCH 'EJKN 'XSEQ [mf]

where

( X[k], k' =0, ... . |Ngc/2]
X[k], ¥ =N -K—|Ny/2],... .N-K—1,
0, K =|Ng/2]+1,... . K-N' —|Nge/2] -1

Xﬂ' [k!] —

This re-arranged term corresponds to zero padding in the
conventional manner between the lower and upper half of the
spectrum X|[Kk] as 1llustrated 1n FIG. 4.

The sub-sampled sequence x"SEQ[m'] will be extended by
the Cyclic Prefix (CP) by the formatter 30 (step 312 1n FIG. 3)
in the conventional way by copying the corresponding last
samples to 1ts beginning. This extension yields

x[m"[=x'SEQ[(m"+Mspo-Mcp)mod Mszo],

m"=0, . .. (Mspo+Mcp)-1,Msz~1.536(1.152).

M. 1s derived from table 5.7.1-1 1n section 5.7.1 of TS
36.211 by dividing the integer factors before T in this table by
16. The CP msertion described above 1s valid for preamble

formats 0, 1 and 4. For formats 2 and 3, a second instance of

x'SEQ[m'] 1s appended, yielding

x[m”[=x"SEQ[(m"+2-Mszo-Mszo].

m"=0,. .. (2:Msgo+Mcp)-1,Msz5~1.536(1.152).

x[m"] will be up-sampled by the up-sampling unit 32 1n
step 312 of FIG. 3 according to the sample rate corresponding
to the current transmission (or cell) bandwidth. Since Mgz,
has been chosen to be power of 2 fraction of K-N, the option
of applying polyphase up-sampling filters for interpolation
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k=0,.. . |Ng/2]-1.

45

50

55

60

65

10

exists. A cascade of up-sampling filters by a factor of 2 pro-
vides the solution with the lowest order (and thus lowest
implementation cost). The cost can be further reduced using
so called hali-band filters.

Up-sampling filters cause a filter transient that has to be
compensated to preserve the cyclic properties of the signal.
The compensation may 1volve a cyclic extension of the
signal by the formatter 30 with a pre- and postiix of x[m"] at
its beginning and end before up-sampling (see step 314).
After the up-sampling, these parts have to be removed again
as 1indicated in FIG. 3 for step 314. The transient component
processing operations are shown in FIG. 5. Also shown in
FIG. 5 1s a cascade of interpolation up-sampling filters
belonging to the up-sampling unit 32. Each filter corresponds
to an up-sampling factor of 2.

The pre- and postlix insertion illustrated in FIG. S may be
described as follows (using the above equations):

x[m"[=x"SEQ[(m ”+MSEQ_M cP— pre)de MSEQ]

m”=0, . .. (MspotMcptM o+ Mpos)=1,Mspo=
1536(1152).

, Nzc — 1

preamble formats 0, 1 and 4, and 1n the corresponding manner
for formats 2 and 3.

After up-sampling and removal of the transient compo-
nents in step 314 (e.g., by using windowing techniques as
shown 1n FIG. 5), the preamble sequence s'[m] i1s centered
around DC, where the time 1ndex 1s described by

N
0, ... ., (Msgp +MCP)'m — 1

m

for formats 0, 1, 4 respectively, and

N
m=0, ... a(Q'MSEQ'I'MCP)'ﬁ_I

for formats 2, 3,

with N being either of the values [128, 256, 512, 1.024,
(1536), 2.048] for the different bandwidths specified for by
the LTE specification.

In a final step 316, the spectrum of the PRACH random
access signal will be shifted by the frequency shifter 34 to 1ts
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designated location on the frequency axis. This shifting 1s
done 1n the time domain according to

’ '-z—ﬂfr{-m
s[m] = 5" [m]-e/kN*7",

where s[m] 1s the final PRACH random access signal as
described above and

FEm _ i (et Nz 2K (kg + 3 )m

1s a linear phase ramp representative of the frequency shiit.
The term

1
H=@+LNZC/2J+K-(I{[,+§)

describes the frequency shift in number of PRACH sub-car-
riers, where k, 1s the parameter that 1s used to adjust the
location on the frequency axis.

The resulting random access signal s[m] 1s then output by
the frequency shifter 34 to the RF stage 22 of FIG. 2 for being,
up-converted, amplified and transmaitted.

Since the interpolation using filters allows a streaming-like
processing rather than the IFFT of step 310 (which has to
process the signal in a single block), one variant of the present
embodiments contemplates an even more pronounced reduc-
tion of memory requirements by generating the PRACH ran-
dom access signal 1n consecutive fractions as 1illustrated 1n
FIG. 6. The fractional approach simply requires that the units
for up-sampling, formatting and allocation (1.e., frequency
shift) can be started and stopped multiple times while keeping
their internal states. Each time a fraction 1s computed, 1t 1s
directly output to the RF stage 22 and transmitted over the one
or more antennas so that the memory 1t occupies can be
simply overwritten by the next fraction. In this way, the
memory demand can be considerably reduced.

As has become apparent from the above description of

preferred embodiments, the combination of a small s1ze IDFT
(and 1n particular a small size IFFT) with interpolation tech-

12

tion can be varied in many ways, 1t will be recognized that the
invention should be limited only by the scope of the following
claims.
The mnvention claimed 1s:
5 1. A method of generating a Single-Carrier Frequency
Division Multiple Access (SC-FDMA) signal having a trans-
mission bandwidth and a Constant Amplitude Zero-Autocor-
relation (CAZAC) sequence of length N ., ,.~, wherein the
SC-FDMA signal has a time-domain formulation with a term
representative of an Inverse Discrete Fourier Transform
(IDFT) of length M, where M>N ., ,~, the method compris-
ing the steps of:
providing a Irequency-domain representation of the
CAZAC sequence;
mapping the frequency-domain representation of the
CAZAC sequence to N, 0f Mg, frequency points,
where Ny <Mz o<M;
filling the remaining Mgz ,-N 4~ frequency points with
zeros to obtain Mg, frequency-domain samples;
applying an IDFT of size My, to the resulting frequency-
domain samples to obtain a sub-sampled time-domain
representation of the CAZAC sequence; and
up-sampling the sub-sampled time-domain representation
of the CAZAC sequence according to the transmission
bandwidth to generate the SC-FDMA signal.
2. The method of claim 1, wherein Mg, 1s selected to be a
power of two fraction of M.
3. The method of claim 1, herein a term X iz | m'] represen-

tative of the IDFT has the form of:
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(M) 2w,
XSEQ[mF] — Z Xf[k!] _Ejﬁk it ’
k' =0 y
35
where:
m' 1s a discrete time variable; and
X'[k'] 1s denived from the frequency-domain representation
X][k] of the CAZAC sequence.
40

4. The method of claim 3, wherein the term X ,[m'] rep-
resentative of the IDFT 1s derived from the frequency-domain
representation X[k] of the CAZAC sequence using zero-pad-
ding.

5. The method of claim 4, wherein zero-padding 1s per-
formed 1n accordance with

X[k], " =k=0,... ,Ncazac—1
X'[k'] =
03 kF:NCHZHCa"' 5M_13
or
(X|k], k" =0,... ,|Ncazac/2] kK =|Ncazac/2l, ... s Ncazac —1
X"[k'1=1 XIlkl, &' =Msgg —|Nzc /2], ... .M -1, k=0,... ,[Ncazac/2] -1

niques permits an efficient SC-FDMA signal generation.
Depending on the specific implementation, memory demands
(e.g., buller sizes) can be reduced, in particular in combina-
tion with a fractional SC-FDMA signal processing.

It 1s believed that many advantages of the present invention
will be tully understood from the forgoing description, and it
will be apparent that various changes may be made in the
form, construction and arrangement of the exemplary aspects
thereol without departing from the scope of the invention or
without sacrificing all of 1ts advantages. Because the mven-

0, k' =|Ncazac /2] +1, ...

, Msgo — [ Ncazac /2] -1

6. The method of claim 1, further comprising adding a
cyclic prefix to the sub-sampled time-domain representation
«0 0f the CAZAC sequence prior to up-sampling.
7. The method of claim 1, wherein the up-sampling 1s
performed using interpolation.
8. The method of claim 7, wherein the interpolation 1s
performed using one or more filters.
9. The method of claim 1, further comprising the steps of:
adding a transient component to the time-domain represen-
tation of the CAZAC sequence prior to up-sampling; and

65
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removing the transient component after up-sampling has

been performed.

10. The method of claim 1, further comprising applying a
frequency shift to the SC-FDMA signal after up-sampling to
shift the SC-FDMA signal to a designated frequency location.

11. The method of claim 10, wherein the frequency shiit 1s
expressed as

where:
m 1s a discrete time variable;
s[m] 1s the SC-FDMA signal after the frequency shift;
s'lm] 1s the SC-FDMA signal prior to the frequency shift;
and

K 1s a phase term representative of the frequency shift.
12. The method of claim 1, wherein the SC-FDMA signal

1s a Physical Random Access Channel (PRACH) signal, and
the method further comprises performing, based on the
PRACH signal, at least one of uplink synchronization and
network attachment.

13. The method of claim 1, wherein the method 1s per-
formed by a user terminal 1n accordance with the Long Term
Evolution (LTE) or the LTE-Advanced standard.

14. A device for generating a Single-Carrier Frequency
Division Multiple Access (SC-FDMA) signal having a trans-
mission bandwidth and a Constant Amplitude Zero-Autocor-

relation (CAZAC) sequence of length N, , -, wherein the
SC-FDMA signal has a time-domain formulation with a term
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14

representative of an Inverse Discrete Fourier Transform
(IDET) of length M, where M>N . .., -, the device compris-
ng:

ga provisioning unit for providing a frequency-domain rep-

resentation of the CAZAC sequence;

a mapping unit for mapping the frequency-domain repre-
sentation of the CAZAC sequence t0 N4 0f Mgz
tfrequency points, where N, , ~<Mgz <M, and tor fill-
ing the remaining Mgz ,—N ;-4 frequency points with
zeros to obtain M, frequency-domain samples;

an IDFT unit for applying an IDFT of size Mgz, to the
resulting frequency-domain samples to obtain a sub-
sampled time-domain representation of the CAZAC
sequence; and

an up-sampling unit for up-sampling the sub-sampled
time-domain representation of the CAZAC sequence
according to the transmission bandwidth to generate the
SC-FDMA signal.

15. The device of claim 14, wherein the up-sampling unit
comprises at least one of an interpolator, a filter, and a filter
bank.

16. The device of claim 14, further comprising a cyclic
prefix adder for adding a cyclic prefix to the sub-sampled
time-domain representation of the CAZAC sequence prior to
up-sampling.

17. The device of claim 14, further comprising a {frequency
shifter for applying a frequency shiit to the SC-FDMA signal
alter up-sampling to shift the SC-FDMA signal to a desig-
nated frequency location.

18. The device of claim 14, wherein the device 1s imple-
mented 1n a mobile user terminal.

¥ o # ¥ ¥
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